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Abstract

Thermodynamic calculations have been made to predict the stability of solid oxide fuel cell (SOFC) anode materials when exposed to hydrogen
sulphide (H,S) in hydrogen (H,) over a range of partial pressures of sulphur (pS,) and oxygen (pO,) representative of fuel cell operating conditions.
The study focussed on the behaviour of nickel and ceria, which form the basis of nickel-gadolinium-doped ceria (Ni-CGO) anodes, often used
as an active layer within SOFCs. The reaction of Ni with sulphur is predicted to become more favourable as temperature and hydrogen partial
pressure (pH,) decrease. Ceria is shown to become increasingly non-stoichiometric (CeQO,,, n < 2) as pO, decreases and temperature increases, and
it is predicted that its reaction with sulphur becomes more favourable under these conditions.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

To extend the range of applications for solid oxide fuel cells
(SOFCs), they should be as fuel flexible as possible. How-
ever, many fuels contain sulphur which, even at low (ppm)
levels, may have a negative impact on SOFC performance.
The quantity of sulphur contained in various fuel types ranges
from a few ppm to over 1000 ppm. Several parts per million
(ppm) of sulphur-containing impurity are added as an odor-
ant to natural gas [1]. Commercial LPG contains 10-30 ppm
sulphur depending on the supplier [2,3]. Sulphur contained in
typical gasoline and diesel varies from 100 ppm to 500 ppm
depending on the national regulations [4], while sulphur lev-
els in biofuel can be over 1000 ppm. Sulphur is present in
fuels in the form of many different compounds including
thiophenes, mercaptans and organic sulphides [5]. However,
sulphur compounds in a Hp-rich environment readily con-
vert to HpS under typical steam reformer or SOFC operating
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temperatures. Therefore, HoS can be reasonably employed
as the source of sulphur for assessing its impact on SOFC
anodes.

This study uses thermodynamic calculations to explore the
possible chemical interaction between Ni and ceria used in
SOFC anodes with H,S in H» concentrations found in operat-
ing devices. Results from these calculations are used to predict
the propensity of the interaction of sulphur with Ni and ceria,
when exposed to a sulphur-containing atmosphere in varied gas
conditions (temperature, pHy and pH;O).

1.1. Interaction of sulphur with nickel

Nickel (Ni) is widely used as the metallic component of anode
cermets due to its good electrocatalytic activity, high electronic
conductivity and relatively low cost. However, Ni (as a catalyst)
is known to be poisoned by sulphur at concentrations of only
a few ppm [5,6]. The interaction of sulphur compounds with
Ni may involve a number of steps: adsorption and dissociation,
reconstruction of the surface, formation of sulphide at the sur-
face (two-dimensional surface sulphide) or in the bulk at higher
sulphur concentration (three-dimensional metal sulphide) [7].
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The reaction of Ni with H,S can be expressed as
1.5Ni + H,S <« 0.5Ni3S; +Hp @)

Sulphur affects Ni activity in numerous ways. It degrades the
catalytic activity of Ni through competitive adsorption with reac-
tant species [7]. It can further react with Ni, forming sulphurous
compounds on the surface leading to the blockage of active sites
[8]. At a critically high sulphur coverage, nickel sulphides (e.g.
Ni3S,) are formed as a bulk phase, decreasing the electronic con-
ductivity compared to Ni (Ni3S; has an electronic conductivity
of approximately 10> Q! cm™! at room temperature [9]).

1.2. Interaction of sulphur with ceria

Doped ceria (notably with gadolinium) has been studied
extensively and successfully applied as an anode cermet con-
stituent for SOFCs operating at temperatures ranging from 773 K
to 1173 K [10].

Ceria has also been studied as a potential desulphurization
sorbent [11-13]. It is an important material for three-way cata-
lysts and fluid catalyst cracking due to its redox behaviour and
oxygen storage capacity.

As with other fluorite structured mixed valence oxides, ceria
can deviate from stoichiometric cerium dioxide (CeO,) to a non-
stoichiometric form (CeO»_, x < 2) [14]. With the ability to shift
easily between reduced and oxidized states, it can release and
uptake oxygen. Oxidation of reduced ceria occurs at room tem-
perature while reduction starts from 473 K. Reduced-state ceria
(CeO,_y) is superior to CeO; in acting as an H;S sorbent [15].
This suggests that reduced-state ceria is more likely to interact
with sulphur than stoichiometric ceria in SOFC systems. The rel-
evant reactions relating to ceria reacting with sulphur have been
devised from sorbent development work [12,13]. CeO; can be
reduced in the presence of Hy:

CeO, + xHy <+ CeOy_, +xH,O 2)
It can also be reduced when SO is present:
CeO;y +xSO; — CeOy_ +xS0O3 3)

Reduced-state ceria can react with H,S forming a sulphide
of ceria as shown by

2CeOy_ +H3S + (1 —2x)Hp < CerO0rS + (2 —2x)H,O
4)

In the anode environment of an SOFC, the mixed ionic elec-
tronic conductivity (MIEC) of CGO has the beneficial effect
of extending the triple phase boundary (TPB) away from the
interface at which the electronically conducting phase, ionically
conducting phase and continuous pore space combine, increas-
ing the effective area over which the reactions necessary for fuel
cell operation occur [15-17]. The formation of sulphur com-
pounds on the metallic and ceramic components of the cermet
can lead to the loss of active sites at the TPB and the modi-
fication of surface properties, so poisoning the anode [18]. It
is also possible that the formation of a sulphide will affect the

oxide transport and redox chemistry of ceria, affecting its MIEC
properties and potentially reducing the effective TPB length.

2. Thermodynamic calculation procedure

The calculations were performed using HSC Chemistry®
5.1 [19] to generate phase diagrams of the ternary compo-
nent systems of Ni-O-S and Ce—O-S. Cermets of nickel-
and gadolinia-doped ceria (CGO) are being considered as an
active layer to promote anode kinetics for solid oxide fuel cells
operating over the temperature range 773—-1173 K. Hence, the
interaction between nickel, ceria and sulphur over this tempera-
ture range is of interest. The temperatures (673 K, 873 K, 1073 K
and 1273 K) for phase diagrams were chosen to cover the ranges
of ceria operation.

Gd was found to be far more resistant to reaction with sulphur
than Ni and Ce, and due to its low (10 mol% in ceria) concen-
tration in CGO, Gd was not considered further in this study.
While a temperature at 873 K was taken as a reference point
to represent the IT-SOFC temperature of operation frequently
used with CGO electrolytes, temperatures of 673 K, 1073 K and
1273 K were also studied to explore the impact of temperature
on sulphur interaction.

2.1. Bounds of practical fuel cell operation

In order to consider the area of interest in the phase diagram
of Ni and ceria, the bounds of practical SOFC operation with
respect to pS; and pO; at the anode need to be defined. The
boundary values of pH» and pH»>O were calculated by assuming
a mixture of 3% H>O and 97% H; as the input to the anode,
representing the extreme case of a hydrogen fuelled SOFC, and
90% H>0 and 10% H; as the output composition (representing
90% fuel consumption of a hydrogen fuelled SOFC). These cap-
ture the outer bounds of pO, that may be experienced within a
SOFC device operating on reformed hydrocarbon fuels.

The pO, value was calculated using the correlation between
the partial pressure of species and the equilibrium constant of
the reaction:

2H, + Oy — 2H50 5)

The bounds of pS; were defined to represent H>S concen-
trations ranging between 1 ppm and 1000 ppm. The pO; value
derived from Eq. (5) is used to calculate the value of pS,. The pS,
was calculated using the correlation between the partial pressure
and the equilibrium constant of the two main reactions:

2H,S + O — S» +2H50 6)
2H>S — 2H, + S, @)

The values of pO; and pS; for the various operating condi-
tions, used to define the area of interest in Figs. 1, 2, 4 and 5,
are presented in Table 1.

To study the impact of pHy on the propensity of the inter-
action of sulphur with Ni and ceria, a fuel composition of 20%
H» (constant 3% H;0O) was chosen. However, this low amount
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Fig. 1. (a) Phase equilibrium of the Ni-O-S system at 673 K. The shaded area shows the phases of Ni over an H,S range of 1-1000 ppm in humidified hydrogen
(97% Ha, 3% H>0 to 10% H;, 90% H,0). (b) Phase equilibrium of the Ni-O-S system at 873 K. The shaded area shows the phases of Ni over an H;S range of
1-1000 ppm in humidified hydrogen (97% H;, 3% H>O to 10% Hj, 90% H>0). The dotted line in the shaded area shows an HS concentration of 140 ppm. (c)
Phase equilibrium of the Ni-O-S system at 1073 K. The shaded area shows the phases of Ni over an H,S range of 1-1000 ppm in humidified hydrogen (97% Ha,
3% H,0 to 10% Hy, 90% H,0). (d) Phase equilibrium of the Ni-O-S system at 1273 K. The shaded area shows the phases of Ni over an H,S range of 1-1000 ppm

in humidified hydrogen (97% H,, 3% H,O to 10% H,, 90% H,0).
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Fig. 2. Phase equilibrium of the Ni-O-S system at 873 K. The shaded area
shows the phases of Ni in humidified hydrogen (97% Hj, 3% H,O to 10% H,,
90% H;0; i.e. 90% fuel utilisation). The area defined by the solid lines shows
the phases of Ni with an input of 20% H; and 3% H,O balance N, (90% fuel
consumption, H, S range of 1-1000 ppm). The area defined by the dotted lines
shows the phases of Ni with an input of 97% H; and 1% H,O balance Ni (90%
fuel consumption, H;S range of 1-1000 ppm).

of Hj at the input to the fuel cell can also be thought to rep-
resent the fuel mixture found in coal syngas [20]. With 90%
fuel consumption, a fuel mixture of 20% H, and 3% H,O, bal-
ance Np, provides the output of 2% Hj and 21% H;O, balance
N». This represents the solid-line bounds at 873 K shown in
Figs. 2 and 5.

To study the impact of pH>O on the propensity of sulphur to
interact with Ni and ceria, a low amount of H,O in the gas input
was chosen as a fuel mixture of 1% H,O and 97% H>, balance
N». With 90% fuel consumption, a fuel mixture of 97% H; and
1% H>0, balance N, gives and output composition of 10% H
and 88% H»O, balance N,. The bounds at 873 K, presented as
the dotted lines, are shown in Figs. 2 and 5. The values of pO,
and pS; at the bounds for different fuel mixture inputs are shown
in Table 2.

3. Thermodynamic predictions

The phases of Ni and ceria in the H,S range of 1-1000 ppm
in humidified fuels over the composition range equivalent to 3%
H»0, 97% H; to 90% H»0, 10% H; are defined by the shaded
area in each of the diagrams shown in Figs. 1-5.
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Table 1

The values of pO, and pS, for different operating conditions in a range of H,S from 1-1000 ppm (a fuel mixture of 97% H, and 3% H,O was used as the input,

with 90% fuel consumption—providing 10% H, and 90% H,O as the output)

Temperature (K) Bounds at the input (97% H,, 3% H,0)

Bounds at the output (10% H;, 90% H,0)

pO2 pO2, 1 ppm pO2, 1000 ppm POy pS2, 1 ppm pSa2, 1000 ppm

673 2.21x 10736 1.62 x 1072 1.62x 10715 2.00 x 10731 1.62 x 10719 1.62x 10713

873 1.23 x 10727 2.33x 10718 233 x 10712 1.12x 10722 2.33x 10710 2.33x 10710
1073 408 x 10722 234 x 10710 234 x 10710 3.69 x 10717 234 x 10714 234x 1078
1273 2.60 x 10718 5.61x10°1 5.61 x107° 235% 10713 5.61 x 10713 5.61x 1077
Table 2
The values of pO; and pS; in a range of H,S from 1 ppm to 1000 ppm at 873 K for different input of fuel mixtures
Input Bounds at the input Bounds at the output

P02 PS2, 1 ppm PS2, 1000 ppm pO2 pS2, 1 ppm PS2, 1000 ppm

20% Hy, 3% H,0 2.90 x 10726 5.48 x 10717 5.48 x 10711 142 x 10722 548 x 10713 5.48 x 107°
97% Hy, 1% H,0 137 x 10728 2.33x 10718 233 x 10712 1.07 x 10722 2.33x 10710 2.33x 10710

The Gibbs free energy of formation (AGy) values of the
compounds used to generate the Ni—-O-S and the Ce—O-S sys-
tem at 873 K and the corresponding references are presented in
Tables 3 and 4, respectively. The tables also present the equa-
tions used to establish the temperature dependence of the AGy
values, covering the temperatures of the phase diagrams in this
study.

3.1. Nickel phase behaviour

As shown in Fig. 1(a)-(d), eight possible compounds of
nickel with sulphur and oxygen; Ni, Ni3S,, NiS g4, NiS, Ni3S4,
NiS;, NiSO4 and NiO, can form depending on the reactant
conditions. It can be seen in Fig. 1(a) and (b) that at 673K
and 873 K the operating boundary straddles the two phases of
Ni and Ni3S, depending on the concentration of HS. NizS;
is the dominant phase at 673 K, and Ni at 8§73 K. At 1073 K
the operating boundary is mostly in the Ni phase as shown in
Fig. 1(c); and almost completely in the Ni phase at 1273 K as
shown in Fig. 1(d). This shows that as temperature decreases,
the propensity of Ni to react with sulphur tends to increase,
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Fig. 3. Phase equilibrium of the Ce—O-S system at 873 K across a pO, and pS»
range of 107120 to 102 bar.

although decreasing temperature actually lowers the pS; level.
At an operating temperature of 873 K, Ni3S; forms only at H,S
concentrations higher than approximately 140 ppm, correspond-
ing to other work [32] which reported that nickel exists in the
metallic state only at pH,S/pH, values below 1073 to 1074, As
shown in Fig. 1(b), sulphur interaction is favourable at H>S con-
centrations above 140 ppm at the output composition while it is
unfavourable at the input composition.

It is of interest to study the effect of pH, and pO, on the
reaction of Ni with sulphur in more detail by isolating the effect
of one from the other. When the reaction of Ni with sulphur at
the input and output compositions are considered, it can be seen
that at the output, where the pH> is less than that at the input, the
reaction of Ni with sulphur occurs at a lower H>S concentration,
as shown in Fig. 1(b). Fig. 2 shows the comparison between the
phases of Ni for input mixtures of 97% H; and 20% H, (both
with 3% H;O, balance N3) in order to see the effect of change in
pH; with constant pO,. The phases with an input composition
of 97% H; and 3% H,0 (90% fuel consumption, H,S range of
1-1000 ppm) are shown in the shaded area, while those with an
input composition of 20% H, and 3% H;O balance N> (90%
fuel consumption, H;S range of 1-1000 ppm) are defined by the
solid lines. It can be seen that the decrease in pH» raises the pS;
level—such that the reaction of sulphur with Ni occurs at lower
H>S concentrations. As shown in Fig. 2, the area defined by the
dotted lines shows the phase of Ni with an input composition of
97% H; and a lower steam content of 1% H»O, balance N; (90%
fuel consumption, HS range of 1-1000 ppm) in order to see the
effect of a change in pO, with constant pHj. It can be seen
that the change in humidity content, which in turn influences
the pO,, does not have a significant impact on the pS; level,
and therefore does not significantly increase the extent of the
reaction of sulphur with Ni.

The eight phases predicted to be present in the Ni—O-S sys-
tem agree with previous work by Shariat and Behgozin [32],
which is based on the reference of Knacke et al. [27], though
a broader set of reference data was used in this study [21-31].
Among the eight compounds, NiSg g4, NiS and Ni3S4 are not
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Fig. 4. (a) Phase equilibrium of the Ce—O-S system at 673 K. The shaded area shows the phases of ceria over an H,S range of 1-1000 ppm in humidified hydrogen
(97% Ha, 3% H,0 to 10% H,, 90% H,0). (b) Phase equilibrium of the Ce—O-S system at 873 K. The shaded area shows the phases of ceria over an H,S range of
1-1000 ppm in humidified hydrogen (97% H, 3% H,O to 10% H;, 90% H,0). The dotted line in the shaded area shows an H,S concentration of 100 ppm. (c) Phase
equilibrium of the Ce—O-S system at 1073 K. The shaded area shows the phases of ceria over an H,S range of 1-1000 ppm in humidified hydrogen (97% Ha, 3%
H,0 to 10% H,, 90% H,0). (d) Phase equilibrium of the Ce—-O-S system at 1273 K. The shaded area shows the phases of ceria over an H,S range of 1-1000 ppm
in humidified hydrogen (97% H;, 3% H,O to 10% H;, 90% H,O).

stable at all temperatures. NiSg g4 is stable at 673 and 873 K,
while NiS is stable at 873 K and 1073 K. At temperature above
845K Ni3S, can change to Ni3Sy4 [33]. This may result in
Ni3S4 being present in the phase diagrams at 873 K, 1073 K and

1273 K. However, it should be noted that the main phases in the
Ni—O-S system across the bounds of fuel cell operation in this
study are Ni and Ni3S,, which are stable across the temperature

and pS,/pO» range studied.

Table 3

AGg values of compounds used to generate the Ni-O-S diagram at 873 K

Compound AGs (kJ/mol) at 873 K Temperature dependence Reference
—0.051T+11.4 for 631 K <T<700K [21]

Ni —36.8 —0.065T+19.7 for 700K < T<1200K [21]
—0.087+37.6 for 1200K <T< 1728 K [21]
—0.217—187.0 for 298 K < T< 829K [22,23]

Ni3 S, —383.5 —0.36T — 66.6 for 829K < T<1062K [22]
—0.56T+197.7 for 1062K < T<3800K [22,24,25]

NiSo 84 —142.2 —0.078T—71.8 for 298 K < T< 833K [26]

Nis 155.0 —0.12T —47.5 for 652K <T<1249K [22]

! e —0.217—76.1 for 1249K <T<3400K [27,24,25]
NizSy —532.2 —0.35T—234.7 for 298 K<T<1100K [27,24,25]
NiS, —221.1 —0.147—101.8 for 298 K < T< 1280K [22]
NiSO4 —1004.5 —0.217—825.6 for 298 K < T<1200K [22,25]
NiO _2916 —0.087 — 220.1 for 600K < T<750K [25]

—0.127—180.5 for 750K < T<2230K

[25]
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Fig. 5. Phase equilibrium of the Ce—O-S system at 873 K. The shaded area
shows the phases of ceria with an input of 97% Hy and 3% H;0O (90% fuel
consumption, HyS range of 1-1000 ppm). The area defined by the solid lines
shows the phases of ceria with an input of 20% H; and 3% H,O balance Nj
(90% fuel consumption, H,S range of 1-1000 ppm). The area defined by the
dotted lines shows the phases of ceria with an input of 97% H; and 1% H,0O
balance N3 (90% fuel consumption, H,S range of 1-1000 ppm).

3.2. Ceria phase behaviour

Fig. 3 shows the equilibrium system of ceria with sulphur and
oxygen at 873 K across the pO, and pS; range from 107120 to
1029, Twelve phases: Ce, CeS, Ce3S4, CezS3, CeSs, Cer0,8S,
C€203, CeOl,n, C601.33, CeOz, CCQ(SO4)3 and CC(SO4)2 are
predicted in the Ce—O—-S system. It can be seen in Fig. 4(a) that
at 673 K the Ce—O-S system is resident in the CeO; and Ce; O, S
forms. At 873 K, as shown in Fig. 4(b), CeO; can be reduced to
CeO g3 depending on the pO,. Thus, there is a mixture of CeO»,
CeOj g3, and Cep O, S at 873 K. At 1073 K, the operating bound-
ary covers a larger area of the CeO g3 phase and also spans the
phases of CeO; and Ce;0,S (Fig. 4(c)). At 1273 K, CeO g3
is the dominant phase and the system also extends into the
phase of CeO; 7p—indicating that a mixture of CeO,, CeO g3,
CeO1.72 and Cep0O,S can be present as shown in Fig. 4(d).
Fig. 4 illustrates that the reduction to non-stoichiometric ceria

is more favourable as pO, decreases and temperature increases,
in agreement with experimental work [10-12].

Fig. 4(b) shows the phase diagram at 873 K, with certain
concentrations of H,S explicitly stated. It can be seen that an
H»S concentration around 100 ppm is likely to be the maxi-
mum level at which the CeO;, is stable, avoiding the irreversible
incorporation of sulphur at the input composition.

The pO; has a significant impact on the interaction of sul-
phur with ceria at 873 K as shown in Fig. 5. The shaded area
shows the phases of ceria when exposed to sulphur with an input
composition of 97% Hj and 3% H,0 (90% fuel consumption,
H>S range of 1-1000 ppm) while the area defined by the dot-
ted lines shows the bounds when the humidity content in the
input composition was lowered to 1%. The area defined by the
solid lines shows the phases of ceria exposed to sulphur when
the Hy content was changed to 20%. As shown in Fig. 5, the
decrease in pO; causes the domain to cover a greater area of
the Ce> O, S phase—suggesting that the reaction of sulphur with
ceria becomes more favourable as pO; decreases.

In this calculation, variations of pO, were investigated that
simulate the range of values expected to be found across the
flow-field of an SOFC operating at 90% fuel consumption, with
a hydrogen feed. At 873 K, the pO» lies in the range from 10~2’
to 10722 across the input to output composition. At the input fuel
composition ceria can form stable CeO g3 such that the reaction
of CeO g3 with sulphur tends to be more favourable than that of
Ni (at the input composition the reaction of CeO g3 with sulphur
occurs at HyS concentrations above 100 ppm while that of Ni is
unfavourable). However, ceria tends to be more stable than Ni
at higher pO5 (approx. >1072%) where ceria exists as the CeO;
phase.

Among the twelve stable phases existing in the diagrams,
Ce, O3S is the most influential phase in determining the reaction
of sulphur with ceria under the operating condition of an SOFC.
Therefore, the phase boundary between CeO,_, and Ce;O5S is
very important in predicting the impact of sulphur on ceria, and
the accuracy of the boundary critically relies on the reference
data of the compound. Egs. (8)—(10) compare the AGy for the
formation of Ce;O;S as a function of temperature reported by

Table 4

AGg values of compounds used to generate the Ce—O-S diagram at 873 K

Compound AGy (kJ/mol) at 873K Temperature dependence Reference
—0.099T+14.7 for 600K < T<999K [22]

Ce —71.2 —0.117+26.8 for 999K <T< 1071 K [22]
—0.15T+75.7 for 1071 K < T<3695K [22]

CeS —544.8 —0.157—418.3 for 298 K < T< 1900K [28,26,25]

Ces3S4 —1943.0 —0.42T — 1581.7 for 298 K < T< 1200K [26]

CesS;3 —1359.1 —0.35T — 1064.6 for 298 K < T<2000K [28]

CeS; —731.2 —0.16T—593.4 for 298 K <T<1152K [27]

Cer 028 —1855.4 —0.287 — 1624.4 for 298 K < T< 1700 K [27]

Cey03 —1988.7 —0.287—1757.3 for 298 K < T< 1300K [29,25,30]

CeO72 —-1078.9 —0.137—971.1 for 298 K < T< 1200K [26]

CeOj 83 —1116.5 —0.137—1010.5 for 298 K < T< 1200K [26]

CeO, —1169.7 —0.187—1022.0 for 298 K < T<2753 K [22,29,25]

Cey(S04)3 —4318.6 —0.52T — 3864.1 for 298 K < T< 1000 K [26]

Ce(S04)2 —2519.1 —0.207 —2343.0 for 298 K < T<398 K [31]
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-1700
(a)y=-0.28x-1624.4
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—e— Knacke et al. [27]
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2100{ ——o—Ferrizz et al. [35]

Linear (Knacke et al. [27])
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Temperature (k)

Gibbs free energy of Ce,0,S (kJ mol)

Fig. 6. Comparison of Gibbs free energy of Ce;O0,S formation using different
sources of reference data (a) [27] (b) [34], (c) [35].

Knacke et al. [27] (used in this study), Kay et al. [34], and Ferrizz
et al. [35], respectively.

AGy = —0.28T — 16244 for298K < T < 1700K 8)

AGs = —0.32T — 15745 for673K < T < 1073K ©)

AGf = —0.43T — 1456.9 for 813K < T < 1073K  (10)

As shown in Fig. 6, the AGr values used in this study (Knacke
et al. [27]) are in good agreement with those of Kay et al.
[34]. The AGy values of Ferrizz et al. [35] are however, higher
between 873 K and 1000 K, which would alter the predicted
boundary of sulphide formation, increasing its onset from a H»S
concentration of 100 ppm, which is derived from this study, to
approximately 2600 ppm when considered at 873 K and a pO, of
10727, The phase diagrams reported by Kay et al. were derived
from reference [36] whereas the results from Ferrizz et al. were
constructed using data derived experimentally from temperature
programmed oxidation. The data of Ferrizz et al. is consistent
with that of Key et al. at 1073 K. As temperature decreases to
973K and 873 K, a larger deviation from the results of Kay et
al. was reported by the Ferrizz study; this deviation correspond-
ing to a difference in the predicted limit of sulphur tolerance of
Ni to S of one and three order of magnitude, respectively. The
disparity between the results in the literature suggests that fur-
ther experimental work is necessary to better define the phase
boundary.

The thermodynamic data predicted in this study represent
the behaviour of the bulk phases under equilibrium conditions.
The thermodynamic predictions show that Ni and ceria are stable
when exposed to 100 ppm H» S at 873 K, suggesting that sulphur
atthis level will not affect the bulk properties of a Ni-CGO anode.
Although the calculation shows that bulk sulphide formation of
Ni and ceria is not likely under these conditions, the reaction
of sulphur on surface needs to be considered. Future work is
focused on understanding the impact of sulphur on the surface
behaviour, and in turn on the catalytic properties, of Ni and ceria.

4. Conclusion

Using thermodynamics calculations, the effect of pO, and
pS> on the phase behaviour of Ni and ceria has been studied

over a range of values which cover the bounds of practical I'T-
SOFC operation on sulphur-containing fuels. The reaction of Ni
with sulphur is predicted to become more favourable as tem-
perature and hydrogen partial pressure (pH;) decrease. Ceria is
shown to become increasingly non-stoichiometric (CeO,,, n <2)
as pO, decreases and temperature increases, and it is predicted
that its reaction with sulphur becomes more favourable under
these conditions. It is clear from this study that Ni and ceria do
not form any bulk sulphide phases at up to 100 ppm H>S. The
impact of sulphur on the surface properties of the anode is now
under consideration.

Aninteresting consequence of this analysis is that the reaction
of sulphur with ceria is more likely to occur at the start of a
flow-field, where the pO, of the fuel stream is lowest. It may
therefore be possible use pO, to control the impact of sulphur
in this regime.
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